1. Introduction {#sec1-1}
===============

Chronic inflammation of skin tends to induce morphologic changes such as epidermal hyperplasia or hyperkeratosis, the increase of tissue amount due to abnormal cell proliferation or the thickening of corneal layer which is the outermost layer of skin, respectively \[[@r1]--[@r3]\]. Hyperkeratotic epidermal lesion may develop as a result of repetitive mechanical injury of skin, for example, by scratching, as observed in prurigo nodularis and lichen simplex chronicus \[[@r2]\]. In dermatology, hyperkeratotic epidermal lesion has been observed in various pathological states such as epidermolytic hyperkeratosis \[[@r4]\], molluscum contagiosum \[[@r5]\], seborrheic keratosis \[[@r6]\], condyloma acuminata \[[@r7]\], and verrucous epidermal nevus \[[@r8]\]. For the treatment of focal hyperkeratotic epidermal lesions, lasers have been widely used for selective destruction of abnormal skin lesion \[[@r9]\]. However, ablative laser modalities are occasionally associated with adverse effects like post-inflammatory hyperpigmentation, hypopigmentation or scar due to unwanted damage in the mid-dermis \[[@r10],[@r11] Find: Replace: \]. Since epidermis is in contact with dermis, laser ablation treatment of epidermal lesion can easily produce a dermal injury unless the ablation depth is precisely controlled. Especially, a dermal injury in the facial area such as the perioral, periorbital, chin and neck regions was known to be particularly prone to scar formation \[[@r12]\]. Thus, to avoid the unwanted damage of dermis during laser ablation treatment of epidermal lesion, it is desired to be able to accurately locate the depth or identify the layer being ablated in situ so that only the hyperkeratotic epidermal lesion can be removed with minimal damage of dermis.

For this purpose, laser induced breakdown spectroscopy (LIBS) can provide an effective solution. LIBS is a technique to measure the spectral intensity of plasma emission generated by pulsed laser irradiation of a target. Since the spectral intensity of LIBS plasma depends on the elemental composition and/or concentration of the target \[[@r13]\], the change of ablation target, for example, from epidermal lesion to dermis, can be identified by monitoring LIBS signals provided that epidermal lesion and dermis bear significant enough differences in elemental composition or concentration. LIBS analysis needs no or little sample preparation, can be completed in a short time (seconds), and can be performed in air with good depth resolution. Thus, the application of LIBS for real time monitoring or as the feedback mechanism during laser treatment has been investigated in various ways such as the identification of carious teeth \[[@r14]\], classification of different soft tissues \[[@r15]--[@r19]\], or differentiation of bone and cartilage \[[@r20]\].

In this work, the results for LIBS analysis of hyperkeratotic epidermal lesion and dermis using tissue pellet samples are reported. LIBS analysis results are then compared with the elemental compositions determined by other analytical methods, inductively coupled plasma optical emission spectrometer (ICP-OES) and atomic absorption spectrometer (AAS). It is demonstrated that hyperkeratotic epidermal lesion and dermis can be clearly distinguished by LIBS when proper signals are selected as bio-markers.

2. Experiment {#sec1-2}
=============

2.1 Sample preparation {#sec2-1}
----------------------

Female SKH-1 hairless mice of 6-8 weeks old (Orient Bio Inc., Gyeonggi-do, Korea) were used as the sample. These mice are immunocompetent, have normal immunologic response to the allergen and irritant, and are widely used for the study of skin inflammation process, wound healing and carcinogenesis due to their similarity to human skin \[[@r21]\]. Sample preparation was carried out under the approval of the animal care committee of Gwangju Institute of Science and Technology (GIST2015-05) as follows. Mice were acclimatized at least 1 week prior to experiments and housed in standard conditions of 12h light/12h dark cycle, 24 ± 2°C temperature, and 50 ± 10% relative humidity. [Figure 1](#g001){ref-type="fig"}Fig. 1Photographs of a mouse with different skin conditions and pellet samples. shows the clinical images of a mouse sample before ([Fig. 1(a)](#g001){ref-type="fig"}) and after ([Fig. 1(b)](#g001){ref-type="fig"}) hyperkeratotic lesion induction. To develop hyperkeratotic epidermal lesion in the mouse skin, allergic inflammation was induced using oxazolone (Sigma-Aldrich, St. Louis, MO, USA) in acetone and olive oil mixture (3:1). Oxazolone is a well-known hapten molecule that binds protein and induces allergic inflammation \[[@r22]\], and oxazolone induced animal models are widely used in biology research, especially in the fields of allergic inflammation and atopic dermatitis. A repetitive application of oxazolone in acetone and olive oil mixture on the dorsal skin causes barrier disruption, irritation, inflammation and itch, which results in the formation of epidermal hyperplasia and hyperkeratosis \[[@r2]\]. Specifically, the dorsal skin of a mouse was first sensitized with 2% oxazolone solution. Then, after 1 week, 0.5% solution was applied three times a week for 8\~12 weeks depending on individual mouse, which was followed by 2-4 weeks of washout period. Note that the turnover time of normal epidermis of a hairless mouse was reported to be about 8\~9.5 days, shorter in disease condition \[[@r23]\]. Thus, the skin samples collected after the washout period was considered to be free from the possible oxazolone residues. Hyperkeratotic epidermal lesion tissues were then collected using forceps under anesthesia by ketamine (70 mg/kg, Yuhan Ketamine 50, Yuhan Co., Ltd, Seoul, Korea) and xylazine (7 mg/kg, Bayer Korea, Gyeonggi-do, Korea). Serum crusts and oozing material in epidermis were excluded from collection.

The mice samples from which epidermal lesion tissue was collected were also used for the collection of dermis tissue. To remove the remnant epidermis existed on a mouse skin after epidermal lesion collection, an adhesive tape (Scotch Transparent Tape 600, 3M, St. Paul, MN, USA) was pressed onto the skin and stripped with constant force under anesthesia \[[@r24]--[@r26]\] and the tape-stripping was repeated ten times. [Figure 1(c)](#g001){ref-type="fig"} shows the mouse after tape-stripping from which dermis tissue was collected by excising dorsal skin. The collected epidermal lesion tissue and dorsal skin were then freeze-dried for 24 h at −120°C (FDCF-12006, Operon Co., Korea). For a complete removal of the locally remaining epidermal lesion shown in [Fig. 1(c)](#g001){ref-type="fig"} and of possibly unstripped epidermis layer, a thin layer of the freeze-dried dermis was removed by gently grinding with a grinder (Dremel 4000, Bosch Leinfelden, GER). Thirty female SKH-1 hairless mice were consumed to collect epidermal lesion tissue sufficient to produce a pellet.

To make the epidermal lesion pellet, the freeze-dried epidermal lesion tissue was ground to powder and pressed into a mold for 1 min using a digital hydraulic press (PIKE 181-1110, PIKE Technologies, USA) at the pressure of 6 ton. The same procedure was taken to prepare the dermis pellet. The accordingly prepared pellet samples (diameter = 13 mm, height = \~1 mm) are shown in [Figs. 1(d) and 1(e)](#g001){ref-type="fig"}.

2.2 LIBS measurement {#sec2-2}
--------------------

A commercial LIBS system (RT250EC, Applied Spectra Inc., USA) of which a schematic diagram is shown in [Fig. 2](#g002){ref-type="fig"}Fig. 2Schematic diagram of the LIBS system. was used for the analysis. The epidermal lesion or dermis pellet was irradiated by a second harmonic Nd:YAG laser (λ = 532 nm, τ = 5 ns, top-hat profile) with a laser spot diameter of approximately 200 μm at the sample surface. The pellet sample was placed inside a chamber covered with a quartz window in order to prevent the focusing and collection lenses from possible contamination by ablation particles. The laser pulse energy in experiments was 8.84 mJ behind the quartz window (corresponding laser fluence = 28.2 J/cm^2^). The emission from laser plasma was captured by a collection lens and delivered to the CCD spectrometer via an optical fiber bundle. The gate delay of the CCD spectrometer was set to 0.2 μs. The gate delay and laser pulse energy in experiments were determined after test measurement for the values at which the emission signals of the major elements (C, Mg, Ca, CN, Na, H, O, N, K, Cl) were clearly detected. The gate width of the CCD spectrometer was fixed by the system to 1.05 ms.

LIBS spectra were collected from 30 different spots on each pellet sample and each of the 30 measurement spots was irradiated by 15 consecutive laser shots at the repetition rate of 5 Hz. The LIBS signal from the first shot on each measurement spot was eliminated from the analysis in order to avoid the possible effects by contamination during handling, and the spectra from the 2nd to 15th shot were accumulated. [Figure 3(a)](#g003){ref-type="fig"}Fig. 3(a) Optical microscope image of the ablation craters on epidermal lesion pellet after 15 laser shots and (b) the variation of LIBS signal intensity with respect to shot number. shows the ablation craters produced on the epidermal lesion pellet after 15 laser shots, which shows little changes in color and morphology. The shot-to-shot variation of LIBS signal intensity of, for example, Ca lines in [Fig. 3(b)](#g003){ref-type="fig"} also remained within the range of standard deviation. Based on these data, it is considered that there was little change in pellet chemistry during laser shots. The accumulated spectra from 30 measurement spots were then averaged to obtain the LIBS spectra of each pellet.

For cross check, the pellet samples completed of LIBS measurements were also analyzed with ICP-OES (Varian-720US, Agilent, USA) and AAS (ICE 3500 AA system, Theme, USA). ICP-OES was used for Ca and Mg concentrations (argon flow rate = 15L/min, Ca(II) 315.887 nm and Mg(I) 285.213 nm lines), whereas AAS was carried out for K and Na concentrations (air-acetylene flow rate = 0.9L/min, K(I) 769.896 nm and Na(I) 589.592 nm lines).

3. Results and discussion {#sec1-3}
=========================

3.1 LIBS signal intensity {#sec2-3}
-------------------------

The averaged LIBS spectra of the epidermal lesion and dermis pellets are shown in [Fig. 4](#g004){ref-type="fig"}Fig. 4LIBS spectra of the epidermal lesion and dermis pellets (average of 30 measurement points).. First, [Fig. 4](#g004){ref-type="fig"} shows that the same emission lines are detected from both pellets with difference in intensity of some spectra. Next, the spectra reveal that the elements being detected from the pellets include C, Mg, Ca, CN, Na, H, N, K, O, and Cl which are the elements frequently detected in biological samples and selectively used as the bio-markers in earlier LIBS studies \[[@r15]--[@r19], [@r27]\].

The mean intensity values of the emission lines of the epidermal lesion and dermis pellets are presented in [Table 1](#t001){ref-type="table"}Table 1Spectral properties and measured LIBS signal intensities of selected emission lines (laser fluence = 28.2 J/cm^2^, 30 points average)ElementsWavelength (nm)Lower level energy (eV)Upper level energy (eV)Mean intensity (RSD %)Intensity ratiEpidermal lesionDermisEpidermal lesion / DermisC(I)247.8562.687.683117.58 (7.67)2830.40 (7.49)1.10Mg(II)279.5530.004.434091.58 (24.71)3654.15 (16.98)1.12Mg(II)280.2700.004.42 Ca(II)315.8873.127.05985.91 (46.32)216.44 (42.05)4.56Ca(II)317.9333.157.052850.37 (46.26)577.34 (47.90)4.94CN388.340(Molecular band)22096.34 (6.99)23180.75 (8.80)0.95Ca(II)393.3660.003.1522088.09 (24.98)7374.82 (26.38)3.00Ca(II)396.8470.003.1213938.11 (26.18)4348.98 (28.01)3.20Ca(I)422.6730.002.932929.92 (23.76)1341.76 (17.75)2.18Na(I)588.9950.002.1028951.38 (14.16)53778.23 (13.63)0.54Na(I)589.5920.002.10 Ca(I)612.2221.893.91724.76 (36.92)247.33 (24.83)2.93Ca(I)616.1292.524.53908.88 (36.01)297.19 (23.74)3.06Hα656.27710.2012.0924432.90 (15.07)20029.87 (11.25)1.22N(I)742.36410.3312.0011577.96 (16.85)9378.88 (12.01)1.23N(I)744.22910.3312.00 N(I)746.83110.3412.00K(I)766.4900.001.626885.89 (18.37)16797.79 (14.97)0.41K(I)769.8960.001.614539.89 (18.66)11095.91 (14.80)0.41O(I)777.1949.1510.7413396.91 (15.32)11075.89 (11.69)1.21Na(I)818.3262.103.621799.67\
(Peak value)4101.47\
(Peak value)0.44\
(Peak value)Cl(I)819.4428.9910.502735.2\
(Peak value)6067.23\
(Peak value)0.45\
(Peak value). For the calculation of spectral intensity of an isolated emission line, the area under the peak was integrated after background subtraction \[[@r28]\]. The intensities of overlapped peaks of the same element with similar spectral properties, such as Mg(II) 279.553 nm and 280.270 nm, Na(I) 588.995 nm and 589.592 nm, and N(I) 742.364 nm, 744.229 nm, and 746.831 nm, were added together and represented by a single value. These overlapped lines of each element have the same upper and lower level energies as shown in [Table 1](#t001){ref-type="table"} and thus their intensities are expected to change with similar tendency under the local thermodynamic equilibrium (LTE) condition \[[@r29]\]. In fact, the two Ca lines of similar spectral properties in [Fig. 3(b)](#g003){ref-type="fig"} showed nearly identical changes in shot-to-shot intensity, which was understood to imply that LTE condition was satisfied for the plasma.

The results in [Table 1](#t001){ref-type="table"} show that the intensity of Ca signals of epidermal lesion is significantly higher than that of dermis (2.2\~4.9 times), whereas the intensities of Na and K of epidermal lesion are much lower than those of dermis (0.4\~0.5 times). Also, the peak value of Cl(I) 819.442 nm line of epidermal lesion is 0.45 times smaller than that of dermis; note that the peak value instead of the integrated intensity was used for the Cl(I) 819.442 nm line because this line was largely overlapped with the neighboring Na(I) 818.326 nm line. On the other hand, the intensities of C, Mg, CN, H, N, and O lines of both samples were similar.

[Figure 5](#g005){ref-type="fig"}Fig. 5LIBS signal intensities of Mg, Ca, K, and Na and their concentrations determined by ICP-OES and AAS of the epidermal lesion and dermis pellets. shows the LIBS signal intensities of four elements (Mg, Ca, K, and Na) of epidermal lesion and dermis in comparison with the concentrations measured by ICP-OES and AAS. Since the LIBS signal was not calibrated by concentration, the LIBS signal intensity ratio does not necessarily show the same proportionality with the ICP-OES or AAS measured concentrations. Nonetheless, it is clear in [Fig. 5](#g005){ref-type="fig"} that the ICP-OES and AAS results show the same tendency as the LIBS signal intensities, that is, a significantly higher Ca concentration but much lower Na and K concentrations in epidermal lesion than dermis. Mg concentrations of both samples were nearly the same as the LIBS signal intensities, confirming that the elemental concentrations of epidermal lesion and dermis samples determined by ICP-OES and AAS are in reasonable agreement with the LIBS data.

The observed high Ca level in epidermal lesion may be understood in the following points of view. Epidermal Ca is located in the intracellular organelles, extracellular fluid and intracellular fluid \[[@r30]\] among which intracellular organelles and extracellular fluid cover the largest portion of Ca profile in epidermis \[[@r31]\]. Epidermal Ca is known as an essential regulator of keratinocyte differentiation, the process by which epidermis cell gradually changes from the basal layer to spinous and granular layers and finally to the corneal layer \[[@r32]\]. As a result, normal mammalian epidermis develops a distinct Ca gradient characterized by a low Ca level in the lower epidermis layers (basal and spinous layers), an increase toward the outer epidermis layer (up to the granular layer), and again a decrease in the outermost corneal layer. Especially, high polar ions such as Ca are hard to be dissolved in the corneal layer, because the corneal layer has large amount of extracellular lipids with relatively less water \[[@r33]\]. However, this original Ca gradient in normal epidermis is to be lost when epidermal barrier is disrupted during the development of epidermal lesion \[[@r34]\]. Furthermore, repetitive and chronic barrier disruption induces epidermal hyperplasia. The resulting high cellularity in epidermis causes an increase of intracellular organelles such as endoplasmic reticulum which stores Ca. The high Ca level of the epidermal lesion sample in this study is understood to agree with the expected increase of organelle density.

Unlike epidermis, Ca content in dermis is not fully elucidated yet \[[@r35]\]. Whereas almost 95% of epidermis is composed of keratinocytes \[[@r36]\], dermis consists of various constituents: various types of cells (fibroblasts, macrophages and adipocytes) and matrix components such as collagen, elastin, hyaluronan, proteoglycans, glycoproteins and other substance \[[@r37]\]. Thus, Ca level in dermis depends on the actual constituent components. However, it was reported in a recent depth profiling study of skin using synchrotron micro-x-ray fluorescence (SμXRF) that Ca content in epidermis was higher than that in upper dermis \[[@r38]\], which also supports the higher Ca level in epidermal lesion than in dermis measured by LIBS.

On the other hand, earlier studies for the contents of Na, K, and Cl in skin showed little consistency. For example, based on x-ray microanalysis, Von Zglinicki et al. \[[@r39]\] reported that Na, K, and Cl ions were in equilibrium between epidermis and dermis under normal condition, whereas Werner-Linde et al. \[[@r40]\] reported that K increased weakly in the basal and spinous layers but decreased in the corneal layer and dermis. Cl content was reported to be low in the corneal layer but gradually increased toward dermis \[[@r40]\].

3.2 Classification by univariate analysis {#sec2-4}
-----------------------------------------

The observed difference in spectral intensity between epidermal lesion and dermis of the emission lines in [Table 1](#t001){ref-type="table"} suggests that the classification of epidermal lesion and dermis may become possible by monitoring the change of LIBS signal intensities of properly selected emission lines. While the intensity of an emission line varies widely as the measurement parameters such as laser energy and detector delay change, the relative intensity between two spectral lines remains much more consistent with respect to experimental conditions. Accordingly, intensity ratio is frequently adopted in LIBS analysis for the classification of biological tissues \[[@r15], [@r16], [@r18]\].

For the selection of appropriate spectral lines for classification, the lines whose intensity ratio varied most significantly upon target change from epidermal lesion to dermis are first considered. [Table 1](#t001){ref-type="table"} shows that the LIBS signal intensity ratio of epidermal lesion to dermis is highest (4.94) for Ca(II) 317.933 nm line but lowest (0.41) for K(I) 766.490 nm and 769.896 nm lines, implying that I~Ca(II)\ 317.933\ nm~/I~K(I)\ 766.490\ nm~ will show the most conspicuous change. However, the high relative standard deviation (RSD) of Ca(II) 317.933 nm line intensity (46.3\~47.9%) implies that this signal fluctuates over a wide range. Thus, Ca(II) 396.847 nm line which has a high intensity ratio (3.20) as well as relatively low RSD (26.2\~28.0%) is selected as the Ca analytic line. When these lines were used, the intensity ratio I~Ca(II)\ 396.847\ nm~/I~K(I)\ 766.490\ nm~ became 2.02 for the epidermal lesion but dropped to 0.26 for the dermis (see [Table 2](#t002){ref-type="table"}Table 2Intensity ratios of selected emission lines and their changes between epidermal lesion and dermisSpectral line (nm)Intensity RatioDermisEpidermal lesionEpidermal lesion / DermisCa(II) 396.847 / C(I) 247.8561.544.472.90Ca(II) 396.847 / Mg(II) 279.553 & 280.2701.193.412.87Ca(II) 396.847 / Na(I) 588.995 & 589.5920.080.486Ca(II) 396.847 / K(I) 766.4900.262.027.77), almost a factor of 8 difference upon sample change. Besides the K(I) 766.490 nm and 769.896 nm lines, Na(I) 588.995 nm and 589.592 nm lines also have a low ratio of epidermal lesion signal to dermis signal (0.54). When Na(I) 588.995 nm line was used, the intensity ratio I~Ca(II)\ 396.847\ nm~/I~Na(I)\ 588.995\ nm~ changed by a factor of 6 as the target was changed from epidermal lesion to dermis, implying that Ca(II) 396.847 nm and Na(I) 588.995 nm is also a good combination of spectral lines for the classification.

Alternatively, carbon signal is often chosen as the internal standard because carbon is one of the major elements composing human tissue and known to be independent of malignancy status of a tissue \[[@r16]\]. When C(I) 247.856 nm was used, the normalized intensity of Ca(II) 396.847 nm line (I~Ca(II)\ 396.847\ nm~/I~C(I)\ 247.856\ nm~) showed a moderate factor of 3 difference upon the sample change from epidermal lesion to dermis. Similarly, when one of the elements whose intensity was nearly invariant between epidermal lesion and dermis was used, for example, Mg(II) 279.553 and 280.270 nm, a similar level of change in intensity ratio (2.9) was obtained as shown in [Table 2](#t002){ref-type="table"}.

These results by univariate analysis demonstrate that the change of target tissue can be identified with high certainty by monitoring LIBS signal intensity ratio as the ablation front advances from epidermal lesion to dermis during laser treatment.

3.3 Multivariate analysis {#sec2-5}
-------------------------

The classification by univariate analysis above is based on the accumulated LIBS spectra from 30 measurement points. However, since precise depth control is critical during laser treatment, the capability to identify tissue change between pulses is more desired. Thus, a multivariate analysis was carried out using the Matlab statistical and bioinformatics tool box (Mathworks Inc., USA) to differentiate epidermal lesion and dermis from single-shot LIBS spectra. For this purpose, five spectral regimes of 240 nm \~281 nm, 310 nm \~325 nm, 390 nm \~425 nm, 586 nm \~593 nm and 762 nm \~773 nm which included the above discussed emission lines of interest of C, Mg, Ca, Na, and K were selected as the data for multivariate analysis. Also, the entire spectra from total 840 shots (2 pellet samples × 30 points × 14 shots) were included in the multivariate analysis as follows.

First, principal component analysis (PCA) was applied to the data in order to reduce dimension, which showed that the data can be almost completely expressed by 10 principal components up to 98.2% of variance. [Figure 6](#g006){ref-type="fig"}Fig. 6PCA scores along the PC1 and PC2 axes for the epidermal lesion and dermis samples. shows a scatter plot of PCA scores for the first two derived variables of epidermal lesion and dermis: the first (PC1) and the second (PC2) principal components covered 71.5% and 20.1%, respectively, of the total variance. Based on the PCA results, linear discriminant analysis was carried out to classify the epidermal lesion and dermis using the first ten principal components, and the classification results were verified by 10-fold cross-validation. [Table 3](#t003){ref-type="table"}Table 3The confusion matrix of epidermal lesion and dermis samples based on C, Mg, Ca, Na, and K linesConfusion matrixEpidermal lesion (Actual)Dermis (Actual)Epidermal lesion (Predicted)4202Dermis (Predicted)0418 shows the confusion matrix obtained as a result of linear discriminant analysis, which demonstrates that high classification performance can

be achieved for epidermal lesion and dermis with single shot LIBS plasma. Only 2 cases out of 420 dermis spectra were misidentified as epidermal lesion while the epidermal lesion was perfectly predicted. The classification accuracy of epidermal lesion and dermis became 1 and 0.995, respectively.

4. Conclusion {#sec1-4}
=============

Based on LIBS analysis of pellet samples, it was shown that the concentrations of common elements in epidermal lesion and dermis differ significantly, which was also confirmed by ICP-OES and AAS results. The intensity ratio of properly selected emission lines showed a difference as high as factor of 8 between epidermal lesion and dermis. When multivariate analysis was applied, a classification accuracy of 1 and 0.995 was achieved for epidermal lesion and dermis, respectively, with single shot LIBS spectra. Combined with the intrinsic capability of shot-to-shot depth control of laser ablation, these results suggest that LIBS can provide a reliable method to identify the target tissue during laser treatment of skin lesion so that unnecessary damage of dermis can be minimized. It should be noted, however, that the possible matrix effects of real skin on LIBS signal due to blood and water or the inhomogeneity of real skin need to be further investigated in order to apply LIBS for in vivo classification of epidermal lesion and dermis.
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